The most common method of combating iron deficiency is iron fortification, especially in developing countries. However, few studies have shown a significant effect on iron status following iron fortification of low bioavailability diets. Objective: To investigate how iron fortification and dietary modifications affect iron absorption and rates of changes in iron stores. Methods: Research has made it possible to predict both iron absorption and the effects of iron fortification and diet modifications on iron stores using recently developed algorithms. Iron absorption and rate of change in iron stores were calculated from nine diets representing a broad range of iron bioavailability and iron contents. The calculations were related to the main target group for iron fortification, that is, women of reproductive age having empty stores but normal haemoglobin concentrations. Results: As the only measure, iron fortification has practically no effect on iron status if the original diet has low bioavailability. However, after dietary modifications such a diet shows a positive effect on iron stores. The combined action of fortification (6 mg/day) and modest bioavailability changes in a low bioavailability diet results approximately in 40 and 70% greater increases in iron stores than through iron fortification or dietary modification alone. Conclusions: It is difficult to achieve good effects on iron status from iron fortification as the only measure if the diet has low bioavailability. Both dietary modifications as well as iron fortification are required to improve effectively the iron status of a population.
Introduction
The primary cause of iron deficiency, apart from iron loss caused by blood loss through parasite infestation (for example, hookworm), is the inability to cover iron requirements with the dietary iron (Baynes and Bothwell, 1990; Hallberg, 2001) . The main precaution taken to counteract this inability is iron fortification or supplementation. But since no large-scale iron-fortification interventions have been evaluated for effectiveness, few data are available to show the efficacy of iron-fortification interventions in improving iron status (INACG, 2004) . Studies of the effects of smaller iron-fortification interventions on iron status in developing countries where fortification has been the only measure taken have been controversial and not completely successful (Layrisse et al., 1996; Sivakumar et al., 2001) . Together with observations showing that low iron bioavailability diets can be a cause of iron deficiency anaemia (Zimmermann et al., 2005) , this suggests that the bioavailability aspect must also be considered.
Recently developed algorithms based on iron absorption studies in humans have made it possible to calculate and predict iron absorption from different meals and diets, the iron stores at steady-state and the effects of changes in amounts of iron absorbed, for example, iron fortification and dietary modifications, on iron stores (Hallberg et al., 1998 (Hallberg et al., , 2000c Hallberg and Hulthen, 2000b) .
The objective of this paper is to examine the effects of dietary modifications and iron fortification on iron status. This was done by using recently developed algorithms (Hallberg et al., 1998 (Hallberg et al., , 2000c Hallberg and Hulthen, 2000b) to calculate (1) the expected amounts of absorbed iron from different iron doses and different dietary modification of a meal typical for developing countries and (2) the rate of change in iron stores when the amounts of iron absorbed change.
Materials and methods

Basis for calculations
The basis for calculations of the rate of change in iron stores is the observed linear relationship between log iron absorption and iron stores. The same applies to negative iron stores (that is, haemoglobin iron deficits due to iron deficiency) (Cook et al., 1974; Bezwoda et al., 1979; Taylor et al., 1988) (Figure 1 ).
Equations
The algorithm used to predict iron absorption takes into account enhancing and inhibiting factors as well as interactions between individual factors in a meal (Hallberg and Hulthen, 2000b) . The base for this algorithm was a lowextraction wheat flour roll containing no dietary factor known to inhibit or enhance iron absorption. The percentage absorption from this basal wheat roll was measured with extrinsic labelling Fe and whole-body counting. By adding different amounts of dietary factors known to influence iron absorption (phytate, polyphenols, ascorbic acid, meat, fish and seafood, calcium, egg, soy protein and alcohol), equations describing the dose-effect relation was developed. Interactions among different factors (for example, polyphenols, ascorbic acid and meat) were also developed. The description of the derivation of the complete algorithm can be found in the original article (Hallberg and Hulthen, 2000b) . The required equations constituting the algorithm used in this present paper are presented below.
Phytate
The equation calculating the expected absorption ratio from phytate (with/without phytate) is 10 À0:30 log 10ð1þphytate-PÞ ð1Þ where phytate-P is phytate-phosphorus in milligrams. For translation, 1 mg phytate-phosphorus is the same as 3.5 mg or 5.56 mmol phytic acid.
Ascorbic acid and phytate interaction
Since the magnitude of the effect from ascorbic acid is influenced by phytate, this fact is taken into account in the equation calculating the expected absorption ratio from ascorbic acid. The equation is 1 þ 0:01 AA þ log½phytate-P þ 1Â0:01Â10 0:8875 logðAAþ1Þ ð2Þ
where AA is the ascorbic acid content of the meal and phytate-P is the phytate-phosphorus content of the meal, both in milligrams. Iron balance points for different diets and losses Figure 1 Basis for calculations of rate of change in iron stores. The basis for this is the observed linear relationship between log iron absorption and iron stores, which is also valid for negative iron stores (that is, haemoglobin iron deficits due to iron deficiency). See Materials and methods for equation.
Different parallel slopes (k
Tannic acid, ascorbic acid and meat interaction
The effect of polyphenols on iron absorption is expressed in the following equation, in which the amounts of tannic acid equivalents (TA, in mg), ascorbic acid (AA, in mg), and meat, poultry, fish or seafood (M, in g) 
The absorption ratio should be p1 and corrected to 1, if it is not.
Calcium
In the original article an error slipped into the equation for the calcium effect. The correct equation for calculating the expected absorption ratio from calcium is 0:4081 þ ð0:5919=1 þ 10 À½2:022ÀlogðCaþ1ÞÂ2:919 Þ ð 4Þ
where Ca is the calcium content of the meal in milligrams.
Phytate and meat interaction
Since there is also interaction between phytate and meat in relation to iron absorption, the absorption ratio (with/ without meat) is
where M (meat, poultry, fish and seafood) and phytate-P are expressed as grams of uncooked food.
Final algorithm for non-haem iron absorption Thus the final algorithm which predicts non-haem iron absorption is the basal percentage absorption multiplied by the calculated factor from each of the five equations:
22:1Âð1ÞÂð2ÞÂð3ÞÂð4ÞÂð5Þ
The value obtained is the percentage non-haem iron absorption at an iron status corresponding to a reference dose absorption of 40% ,which in turn has been shown to correspond to a serum ferritin (SF) of 23 mg/l (Hallberg and Hulthen, 2000b) .
Errata
There are three published errata (Hallberg and Hulthen, 2000a Hulthén et al., 2006) to the original algorithm article (Hallberg and Hulthen, 2000b) ; (1) In tables A1, A2 and A3, the unit mg/100 g dry matter should be mg/ 100 g. (2) On p. 1149, the equation for calculating the factor for AA and phytate interaction should be as presented above (equation (2)). The brackets that appeared in the original algorithm article were added erroneously. (3) On p. 1153, the equation for adjusting for iron status should be In the original algorithm article, there was also an erratum in the equation for the calcium effect. This equation should also be as given above (equation (4)).
Equations describing amounts of stored iron and rate of change The description of the derivation of the equations that quantitatively express the relationship between the amounts of stored iron, iron absorption and iron losses has been published previously (Hallberg et al., 1998 (Hallberg et al., , 2000c (Figure 1) . The equation describing amounts of stored iron (mg) at stationary states is
The equation describing the rate of change in iron stores over time following changes in absorbed amounts of iron is
The equation describes the time in days (t) needed to achieve certain amounts of stored iron. The variables in these two equations are as follows: L stands for iron losses (mg Fe/kg/day), whereas M 0 and M t stand for amounts of stored iron at time 0 and t (day) expressed as mg Fe/kg body weight. The constant k 1 is the amount of iron absorbed (mg Fe/kg/ day) from the diet by a subject with no iron stores. The constant k 2 expresses the relationship between log iron absorption and iron stores observed in three separate studies and has been found to be 0.00024 when expressed per kg body weight (Hallberg et al., 2000c) .
Meals
The calculations are based on seven theoretical examples of meals (I to VII) with varying bioavailability, aimed at reflecting meals in developing countries (Table 1) . From these seven meals, five different diets (A to E) have been put together so as to represent a range of iron bioavailability diets ( Table 2 ). The meals and diets are theoretical and have been presented merely according to their content of the, presently known, most important iron absorption enhancers and inhibitors, phytate, polyphenols, ascorbic acid, meat and calcium. Furthermore, different iron contents of the meals (range: 1-20 mg), and thus diets (range: 3-60 mg), were investigated (Table 3 ). The total daily intake of each diet comes from three separate meals, each containing the same amount of iron (which could range from 1 to 20 mg). To have the same amount of iron in each of the three meals constituting a specific diet, it is possible to assume that all the meals might include an element of iron fortification.
Iron intake and absorption calculations are made separately for each of the three meals constituting a daily diet, whereas the results presented relate to the total daily intake from these three separate meals. The assumption is that the iron is fully available. The meat added to these meals is in the form of fish and chicken that does not contribute to any Iron status -diet modification vs fortification M Hoppe et al significant amounts of haem iron, only meat factor, as shown previously (Hallberg and Hulthen, 2000b) . The calcium content of these five diets ranges between 460 and 725 mg/day, which is common in many regions of the world where dairy products are consumed only rarely (Woo et al., 1998; Faber et al., 1999; Nititham et al., 1999; Agrahar-Murugkar and Pal, 2004) . The low bioavailability section in Table 2 represents the kind of diets seen in some regions of South Africa (Faber et al., 1999) , India (AgraharMurugkar and Pal, 2004), Mexico (Backstrand et al., 2002) and Ethiopia (Umeta et al., 2005) . These diets contain little, if any, animal tissue and are based on, for example, sorghum, maize, cereals, roots and legumes, thus also containing high levels of the iron absorption inhibitors tannin and phytate. The highest phytate content in the theoretical diets is 300 mg phytate-P. This intake level has recently been reported from rural southern Ethiopia (mean phytate intake was 1033 mg/day, which is equivalent to 293 mg phytate-P/ day) (Hambidge et al., 2006) .
Target group
Since iron deficiency is associated with multiple adverse effects for both mother and foetus, the main target group for Iron absorption is predicted using a recently developed and validated algorithm (Hallberg and Hulthen, 2000b These diets are composed of seven different meals shown in Table 1 . Iron absorption is predicted using a recently developed and validated algorithm (Hallberg and Hulthen, 2000b (A-E) with different bioavailability and levels of iron content. These diets are composed of seven different meals shown in Table 1 . The assumption is made that a daily diet is composed of three different meals, and that each meal (which could contain 1-20 mg Fe) in the same diet contains the same amount of iron. The iron contents of the different diets range from 3 to 60 mg. The amount of iron absorbed is predicted by using a recently developed and validated algorithm (Hallberg and Hulthen, 2000b ). a Amount of iron absorbed at zero iron stores. b The diets (I-VII) are composed of seven different developing country meals shown in Table 1 . The assumption is made that a daily diet is composed of three different meals, and that each meal (which could contain 1-20 mg Fe) in the same diet contains the same amount of iron. c Levels capable of covering the Fe requirement in the 50th percentile of nonpregnant women of fertile age weighing 60 kg. d Levels capable of covering the Fe requirement in the 95th percentile of nonpregnant women of fertile age weighing 60 kg. e Daily iron content considered as beyond fortification, that is, supplementation.
Iron status -diet modification vs fortification M Hoppe et al iron fortification is usually women of reproductive age. Hence, all the present calculations have been related to an adult menstruating woman weighing 60 kg and having empty iron stores but normal haemoglobin concentration, a common case in many developing countries. The average iron requirement for women is 22.6 mg/kg/day, which means 1.36 mg/day in a woman weighing 60 kg (Hallberg and Rossander-Hulten, 1991) . That is, provided that no pathological situation is present, such as infection, tropical enteropathy and parasite infestation.
Results
Iron absorption
The iron absorption from the seven meals (I-VII) range from 0.6 to 14.4% (Table 1) . After the dietary modifications (that is, switching from Diet A to Diet E), the daily average percentage iron absorption from the diet increases almost eightfold ( Table 2 ). The expected absorbed quantities of iron from the different diets containing 3-18 mg iron vary from 0.05 to 2.29 mg depending both on the iron content and the dietary iron bioavailability of the various diets (Table 3) . To meet the average Fe requirement for women of fertile age weighing 60 kg (1.36 mg/day), the high bioavailability Diet E has to have only a daily iron content of B11 mg, as compared with B18 and B30 mg for Diets C and B, respectively. Diet A, however, does not meet the requirement even with a daily iron intake of 60 mg (Figure 2 ).
The effects on iron stores of diet modifications vs. the effects of fortification Dietary modifications and iron fortification have the same effects on the relative rates of change in iron status with optimal effect being achieved after about 1 year. However, when considering a diet with very low bioavailability, the final improvements in iron status are greater after dietary modifications than after iron fortification (Figure 3) . By fortifying Diet A 15 mg with 30 mg iron the amount of stored iron at the asymptote increase by 275 mg. Without changing the iron intake, but instead improving bioavailability slightly (that is, switching from Diet A 15 mg to Diet C 15 mg ), the amount of stored iron increase by 380 mg. However, neither of these two measures is capable of achieving a positive iron store. When combining the action of both modifying and fortifying with 6 mg/day, for example, switching from Diet A 15 mg to Diet C 21 mg , the amount of stored iron increase by 464 mg. This combined action suffices to achieve a positive iron store of 37 mg, and consequently, an optimal Hb concentration.
Discussion
Our results stand as evidence that there is a limit to the efficacy of iron fortification (that is, if not including dietary iron bioavailability improvements also) and that iron fortification as an isolated measure of a low-bioavailability diet has virtually no effect. Furthermore, our results imply that the most successful and thus qualitatively best course of action for combating iron deficiency is to combine fully available iron fortifiers with dietary modifications aimed at improving iron bioavailability. Even though this has been suggested earlier on by both WHO and the SUSTAIN Task Force, it derives from a primarily theoretical reasoning basis (WHO, 2001; Hurrell et al., 2002; ) . The important difference of this present paper is that it adds a quantitative dimension to these predictions. Figure 2 Efficacy of diets with different Fe bioavailability in relation to efficacy of iron fortification for satisfying Fe requirements. Two ironrequirement levels are illustrated, the requirement in the 5th and the 50th percentiles of adult women of fertile age weighing 60 kg. Iron absorption is predicted using an algorithm developed and validated recently (Hallberg and Hulthen, 2000b) .
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Validity of the calculated iron absorption
Before discussing the results, let us address the accuracy and precision of the calculated iron absorption values. The Hallberg & Hulthén algorithm was validated in two different ways: (1) mean observed (in n ¼ 10) and calculated nonhaem iron absorption from 24 single meals had a high agreement (r 2 ¼ 0.987); (2) calculated total (haem and nonhaem) iron absorption from the whole-diet period (four meals eaten during 5 days) could not be differed from the observed mean absorption after correcting for iron status of the subjects (n ¼ 31) (P ¼ 0.561). However, since the algorithm was validated using data some of which had been used to develop it, there is a lack of independent systematic validation. To the best of our knowledge, only one attempt of independent validation has been published (Reddy, 2005) . Absorption data from meals measured in the United States (Reddy, 2005) was compared with iron absorption values calculated with the Hallberg & Hulthén algorithm (Hallberg and Hulthen, 2000b) . Although a significant correlation was seen, it was lower than the correlation obtained in our own validation (Hallberg and Hulthen, 2000b) . Possible reasons for the discrepancy could be the use of different methods for determining phytic acid and polyphenol levels, as well as different methods for correction of iron status and assessing iron absorption. The Reddy absorption data was obtained from incorporated red cell radioactivity, which in turn is based on assumption of 80% incorporation, as well as on assumption about blood volume. The Hallberg & Hulthén algorithm is based on absorption data obtained with double radio-iron isotope labelling and whole-body counting. Using whole-body counting, no estimates for incorporated red cell radioactivity and blood volume are necessary. Another interesting idea proposed by Reddy (2005) was that the algorithm overcorrects for inhibitors by letting calcium inhibit absorption further when the inhibitors phytic acid and polyphenols are already present. However, since the mechanism for calcium inhibition probably differs from the mechanism for inhibition of phytate and polyphenols (Hallberg et al., 1992) , this is probably not true. There are also data that contradict this proposal of overcorrection (Cook et al., 1991) .
In another study of 115 religious sisters participating in a 9-month feeding trial (Haas et al., 2005) , different algorithms were compared. When comparing calculated absorption efficiency using the Hallberg & Hulthén algorithm with observed gain in iron status, close agreement was seen (6.9 vs. 7.2% observed average efficiency) (Beard et al., unpublished data, 8 Bioavailability 2006 Conference, March 2006 . On the basis of these validation data, the precision and the accuracy of the presently used algorithm are high enough to assess mean iron absorption from single meals. This means that each calculated absorption value is, in reality, surrounded by a distribution, which can be defined, for example, using a 95% confidence interval.
Bioavailability vs amount of iron in the diet
Of the five diets evaluated in this paper giving a daily Fe content of 15 mg, only two result in a positive iron status at steady state in a woman of fertile age weighing 60 kg. A prolonged habitual intake of any of the three diets with the lowest bioavailability, Diet A 15 mg , Diet B 15 mg or Diet C 15 mg , would result in a negative iron status at stationary state, which, in reality, would result in a haemoglobin deficit due to the iron deficiency. The stationary iron status on these diets would be À427, À169 and À47 mg, respectively (Figure 3) . The haemoglobin concentration at the stationary Iron status -diet modification vs fortification M Hoppe et al state following Diet A 15 mg would be B101 g/l assuming a blood volume of 3696 ml in a female with a body weight of 60 kg and a normal haemoglobin concentration of 136 g/l, which gives a total amount of circulating haemoglobin iron of 1680 mg (Hallberg et al., 2000c) . To achieve a positive iron status, and thus an optimal haemoglobin concentration, the erythropoiesis would need X427 mg iron for its haemoglobin synthesis (Figure 3) . For a woman, this can be achieved by changing her diet from Diet A 15 mg to Diet E 15 mg . After this dietary modification, it would take approximately 1 year to increase from a state of negative iron stores of À427 mg to positive stores of 53 mg (D477 mg). To reach the asymptote (positive stores of 85 mg), a further 5.8 years would be needed (Figure 3 ). The inter-individual variation in iron requirements in women of fertile age are quite great due to the marked variation in menstrual blood losses (Hallberg et al., 1966; Hallberg and Rossander-Hulten, 1991) . To satisfy the Fe requirements in 95% of all nonpregnant, menstruating women weighing 60 kg, the amount of iron absorbed from the diet per day has to exceed 2.84 mg (Hallberg and Rossander-Hulten, 1991) . This requirement is satisfied only by a few of the high bioavailability diets (Table 3) . Moreover, a daily diet containing as much as 45 mg Fe and with bioavailability equal to that of Diet A is not even capable of satisfying the Fe requirements in the lower fifth percentile of fertile women (0.90 mg/day) (Hallberg and RossanderHulten, 1991) . This high amount of Fe needed must be considered as supplementation. Iron doses of 45 and 60 mg, as used to demonstrate the effects of iron fortification, also exceed the tolerable upper intake level (UL) for adults established by the National Academy of Sciences (Institute of Medicine, 2002) .
Implications
With a diet of low iron bioavailability, it is necessary to increase the amount of iron in the diet considerably to achieve an effect similar to that when improving the bioavailability of the diet (that is, going from Diets A to E) ( Table 3 and Figure 1 ). However, this is not seen for the high bioavailability diets, as has also been observed in young adult women in New Zealand (Heath et al., 2001) . The reason for this is that it is difficult to achieve an improvement of dietary non-haem iron absorption beyond 20%. Although the calculated results are based on using an iron compound possessing 100% relative bioavailability, increasing the iron content of a low bioavailability diet is insufficient in terms of increasing the absorbed amount to a level that satisfies the median requirements of women. Thus, the combined measure of both modifying and fortifying the diet is the most effective approach to increase the amount of absorbed iron. Consequently, in the context of developing country, it is the poor Fe availability in the diet, rather than the actual amount of ingested Fe, that is the most important determinant of impaired Fe status. Actually, the dietary iron intake in a developing country may in some cases even be considerably higher than in most Western countries (Fao/ Who, 1988) .
The assumption that the iron in the meals/diets are fully available is not valid when looking at one of the most common forms of iron powders used for fortification, that is, elemental iron powders. A more realistic bioavailability figure would be B50%, or less (Hallberg et al., 1986; Hurrell et al., 2002; Walter et al., 2004; Hoppe et al., 2006) . This more realistic figure would lead to an even more pronounced inability to reach the iron requirement.
Little is known about the usefulness of iron fortification interventions Iron fortification as a measure of combating iron deficiency has been used for more than half a century and is still mandatory in many industrialized countries. Despite this long-term experience of iron fortification, little is known about the benefits of large-scale iron fortification interventions. However, iron fortification of wheat flour in Sweden, carried out between 1944 and 1995, has been evaluated in a subpopulation of adolescents. Before removal of the iron fortification, it represented 40% of the dietary iron intake in Sweden. In 2000, 5 years after this removal, the prevalence of iron deficiency in adolescent girls (15-16 years of old) had increased from 39.3 to 50.4% (Hallberg and Hulthen, 2002) . Furthermore, based on the observed increased phlebotomy interval in Swedish haemochromatosis patients, it has been proposed that the mean absorbed quantity of iron decreased by 0.65 mg/day following the withdrawal of iron fortification (Olsson et al., 1997) . Thus, in the Swedish high bioavailability diet, it seems that the iron fortification had a beneficial effect. However, when fortifying diets with low bioavailability, which is the case in many developing countries, the data become more difficult to interpret, since only a few interventions using exclusively iron fortification (that is, plain iron-adding without modifying iron bioavailability) have been carried out and evaluated. In India, after double fortification of salt with iodine and iron, it was not possible to show a clear impact in reducing anaemia (Sivakumar et al., 2001) . On the other hand, successful iron fortification interventions have been conducted in Morocco (Zimmermann et al., 2004) , Vietnam (Thuy et al., 2003; Van Thuy et al., 2005) , Chile (Hertrampf et al., 1990; Walter et al., 1993) , Ghana (Lartey et al., 1999) , Venezuela (Layrisse et al., 1996) , Guatemala (Viteri et al., 1995) and India (Ballot et al., 1989) . However, with a few exceptions the majority of these successful interventions have actually also included encapsulation (Zimmermann et al., 2004) or dietary bioavailability improvements, in the form of ethylenediamine tetraacetic acid (EDTA) (Ballot et al., 1989; Viteri et al., 1995; Thuy et al., 2003; Van Thuy et al., 2005) , fish powder (Lartey et al., 1999) or/and ascorbic acid (Hertrampf et al., 1990; Walter et al., 1993) as well. This makes the interpretation of the effects of the iron fortification alone difficult. However, it supports the conclusion of this present paper, namely that the best course of action is to combine the use of iron fortification with dietary modifications.
Approaches of improving dietary iron bioavailability
The two main measures available for improving dietary iron bioavailability are reductions of the factors inhibiting iron absorption or/and increasing the number of factors with enhancing effects. Promoting local food production (including livestock, fish and poultry) and use of locally available ingredients rich in ascorbic acid, are sustainable ways of accomplishing the dietary modifications needed to improve the iron bioavailability in developing countries. In the area of improving the bioavailability of iron in plant foods, there are a number of practices to apply (Umeta et al., 2005; Gibson et al., 2006) . In rural Malawi, a community-based method to remove dietary phytate has been used, which resulted in a improved iron status (Manary et al., 2002) . Additional strategies for enhancing the absorption of fortification iron have been excellently presented recently by the SUSTAIN Task Force . Future new strategies for Fe fortification may help in overcoming the problems constituted by poor dietary bioavailability. Example of such novel approaches are the use of microencapsulated iron (Zimmermann et al., 2003 (Zimmermann et al., , 2004 , which seems to protect the iron fortificant from the factors in the diet that inhibit iron absorption. However, until these approaches have been fully evaluated, it is of outmost importance to improve dietary bioavailability before initiating an iron fortification intervention.
In summary, it is difficult to achieve good iron status through iron fortification as the only measure, if the original diet has low bioavailability. Thus, dietary modifications are the main long-term measures to improve effectively iron status in a population where the original diet has low bioavailability. This makes the bioavailability of both the inherent iron in the diet and the fortification a key consideration when the aim is to increase iron absorption, and in the long run, iron status. Consequently, the most successful, and thus qualitatively the best, course of action is to combine the use of good iron fortification with dietary modifications. Hence, before any iron fortification program is begun, the iron bioavailability of the population's diet must be evaluated. In addition, if the bioavailability is very low, it is of utmost importance first and foremost to make it possible for people to absorb the iron fortification.
